Abstract-This paper reports a new design with dual resonant structure which is more efficient than single resonant devices for random vibration energy harvesting. The dual resonant structure consists of two spring-mass subsystems, which exhibits strong coupling when the two masses collide with each other. Experiments with piezoelectric elements show that the energy harvesting device with dual resonant structure can generate higher power output than the sum of the two separate devices from random vibration sources at low frequency.
INTRODUCTION
Portable devices and wireless sensors are conventionally powered by chemical batteries. The use of batteries not only leads to their costly replacement especially for sensors at inaccessible locations, but also causes pollution to the environment. Recently, more and more energy harvesting devices have been developed based on piezoelectric [1] [2] [3] [4] , electrostatic [5] [6] [7] [8] [9] , and electromagnetic [10] [11] transduction methods.
Vibration based energy harvesting device with a linear spring-mass system can generate maximum power output at a specific resonant frequency, but typically with a narrow bandwidth. This limits the practical use since the ambient vibrations exhibit random frequency spectrum. One approach is to use a broad-band energy harvester with multiple beams [3] . The harvester is basically a series of separate linear devices with different resonant frequencies. The efficiency of the overall devices is in doubt [4] , although it is able to harvest energy at multiple resonant frequencies. Another approach is to design a double well potential with a bi-stable resonant system which can be realized by adding external magnets or by buckling a beam with preload. F. Cottone et al. reported a nonlinear energy harvesting device with a bistable oscillator that can outperform a linear oscillator in terms of the energy extracted from a generic wide spectrum vibration [12] . Blarigan et al. developed an energy harvester with buckled beam which can operate in nonlinear and chaotic regimes [13] . More approaches for broad bandwidth have been tried by limiting the maximum vibration amplitude with a mechanical stopper.
In this paper, we have developed a new piezoelectric energy harvester (PEH) device (shown in Fig.1a ) with dual resonant structure, which consists of two cantilever-mass systems to achieve two different resonant frequencies. For each beam-mass system, there is one specific resonant frequency. By tuning the separate resonant frequencies of the two subsystems, we can regulate the bandwidth of the PEH device due to their vibration coupling effect. The PEH-top (PEH-T) and PEH-bottom (PEH-B) devices are connected in series during the test, which provides a complimentary voltage output according to the external vibration. In an optimal design, the PEH with dual resonant structure can outperform the sum of the two subsystems in terms of the energy harvested from random vibration sources.
II. MECHANICAL MODEL AND ANALYTICAL
The mechanical model of the device is shown in Fig.1 (b) and can be analyzed under a few assumptions [14] : (a) the magnitude of the displacement is small as compared to the beam length, so that the stiffening effect and the nonlinearity of the beam can be neglected; (b) the two masses are perfectly Proceedings of the 11th IEEE Annual International Conference on Nano/Micro Engineered and Molecular Systems (NEMS) Matsushima Bay and Sendai MEMS City, Japan, 17-20 April, 2016 aligned, and the collision between them is one-dimensional and elastic with no energy loss; (c) the electromechanical coupling force may be neglected as it is typically small compared to the spring force and the collision force. When there is no collision (x 1 -x 2 +g 0 >0), the governing mechanical equations for the fundamental vibration mode are (i=1 for PEH-T, i=2 for PEH-B):
where m i is the equivalent mass, c i is the equivalent damping, k i is the equivalent spring constant, x i (t) and y(t) are the displacement of the mass and the external vibration source, respectively. The initial boundary conditions for the (1) 
where u i and v i are the velocities of the mass before and after the collision, respectively. From (2), the velocities of the two masses after collision can be obtained:
At the moment of collision (t=t c ), the boundary conditions of (1) should be revised as ( )
III. SIMULATION
For the energy harvester with single resonant structure, a theoretical investigation has been previously made to study the device performance under a random vibration source [15] . In this paper, the energy harvester with dual resonant structure is more complicated, and numerical calculation with Matlab/Simulink modeling is used with the parameters listed in Table I . The single devices PEH-T (device 1) and PEH-B (device 2) have also been studied for comparison. Figure 2 shows the random vibration source from a low-pass filter (with a threshold frequency of 100 Hz) defined for the modeling, and the voltage outputs of the devices driven by the vibration. With root mean square (RMS) vibration amplitude of 35.2 m/s 2 , the RMS power output of the device with dual resonant structure is calculated as 22.2 µW, comparing to that value of 5.13 µW for device 1 and 7.61 µW for device 2, respectively. With the dual resonant structure, the PEH device can harvest more power than the sum of the two single devices by 74%.
The effect of the gap between PEH-T and PEH-B is also investigated for the random vibration sources with three types of frequency filters (naming filter I for the low pass filter with f th =100 Hz as shown in Fig. 3 ; filter II for the low pass filter with f th =50 Hz as shown in Fig. 4 ; and filter III for the low In Fig. 3 , the RMS power output of the PEH device at an acceleration of 30 m/s 2 decreases from 72 µW to 59 µW when the air gap increases from zero to 1mm. This is mainly due to the fact that the narrower the air gap between PEH-T and PEH-B, the easier for the colliding between the two masses under the random vibration; and therefore, the stronger for the coupling effect between the two subsystems.
Similar phenomena are also noticed with filter II and filter III shown in Fig. 4 and Fig. 5 . It should be noted here that the power outputs of the PEH at the same RMS acceleration amplitude are different with different frequency filters. For instance, at RMS acceleration of 20 m/s 2 and with an air gap of 0.2 mm, the RMS power output of the PEH is 18 µW with filter I, while the value can be increased to 38 µW with filter II and 80 µW with filter III, respectively. The major reason for this effect is that the frequency spectrum of the latter two filters fit better to the frequency spectrum of the PEH device, as we have also seen in the experiments.
IV. EXPERIMENT
An experimental PEH device with dual resonant structure has been fabricated to validate the numerical modeling. As shown in Fig.1 , the device consists of two linear beam-mass systems with the same parameters as listed in Table I With a noise signal and specific filters, we can characterize the device performance at random vibration sources. Both the vibration and the voltage output are recorded by 6.4 seconds per cycle with control software. The RMS power outputs of the PEH devices during 100 cycles are shown in Figs. 8(g-i) . Detailed analysis of the measurement results are listed in Table II . Figure 8(a) shows the spectrum of a random vibration source at frequencies lower than 100 Hz. Figure 8(b) shows a typical real time voltage output during one test cycle. The RMS power output of the PEH device with dual resonant structure during 100 test cycles are marked in the scattering plot shown in Fig. 8(c) , together with the measurements of the single devices. With a RMS acceleration amplitude of 34.0 m/s 2 , the PEH device with dual resonant structure can generate an average power output of 25 µW, comparing to that of 7 µW for device 1 and 14 µW for device 2, respectively. Figure 8(df) show the measurements under random vibration source at frequencies lower than 50 Hz. With a RMS acceleration amplitude of 14.2 m/s 2 , the PEH device with dual resonant structure can generate an average power output of 33 µW (comparing to 11 µW for device 1 and 17 µW for device 2). The measurement has also been performed with a band-pass random vibration source at a center frequency of 20 Hz with a bandwidth of 25 Hz. As shown in Fig. 8(g-i) , the PEH device with dual resonant structure can generate an average power output of 50 µW (comparing to 18 µW for device 1 and 25 µW for device 2), under a RMS acceleration amplitude of 6.3 m/s 2 . For all the three measurement scenarios, higher average power output can be harvested from the PEH device with dual resonant structure than the sum of that from the two separate devices, by an increase of 19%, 18% and 16%, respectively.
As mentioned for the simulation, it should be noted that the average power outputs of the latter two measurement scenarios are higher than the first one, though the RMS acceleration amplitudes are even lower. This is mainly due to the fact that the frequency spectrum of the latter two vibration sources fit better to the FWHM bandwidth (19 Hz ~ 26 Hz) of the PEH device. Therefore, the efficiency of the energy harvesting process is improved. For practical application where the vibration source has a certain frequency spectrum, the energy harvesting device can be optimized by tuning the resonant frequency of the two subsystems.
V. CONCLUSION
In conclusion, we have presented a dual resonant structure for energy harvesting from random vibration sources at low frequency. As the vibration frequency changes, the two proof masses can collide with each other providing strong coupling when one of the masses vibrates at resonance. The theoretical of different gaps show how the coupling improving the performance of the output power. Both theoretical analysis and experiment have shown that the PEH device with dual resonant structure can harvest more energy from random vibration sources at low frequency than the sum of the energy from the separate single devices. Though demonstrated with a piezoelectric device, this dual resonant structure can also be applied to the other vibrational energy harvesters based on electrostatic and electromagnetic methods.
